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1 )  Foreword 


This  is  the  final  report  for  an  STIR  grant  awarded  in  September  2012  and  ended  in  May  2013.  The  award  provided  important 
seed  funding  for  a  project  that  formed  the  basis  for  one  PhD  thesis  in  my  lab  and  helped  to  forge  two  important  collaborations 
Below  is  provided  a  summary  of  the  project  during  and  after  the  award  period.  More  technical  details  can  be  found  in  the  two 
publications  referenced  in  this  report. 


2)  Statement  of  the  problem  to  be  studied 

The  purpose  of  this  project  was  to  investigate  the  use  of  a  unique  class  of  self-assembling  crystalline  nanostructures  as 
reinforcing  agents  when  incorporated  as  a  minor  component  into  polymeric  composites.  In  particular,  we  were  interested  in  self¬ 
assembling  units  comprised  of  cyclic  peptides  (8-mers)  with  alternating  D-  and  L-amino  acids.  This  scaffold  had  previously  been 
shown  to  form  nanotubular  structures  after  solution-phase  assembly,  mediated  by  beta-sheet-like  hydrogen  bonding 
interactions  that  promoted  stacking  of  the  individual  units.  The  rationale  was  that  the  chemical  synthesis  of  these  cyclic  peptides 
could  potentially  yield  a  huge  diversity  in  nanostructures  by  drawing  upon  the  availability  of  Fmoc-protected  amino  acids  with 
diverse  side  chains.  These  diverse  structures  could  then  be  tailored  to  specific  applications.  At  the  time,  a  similar  class  of  self¬ 
assembling  nanostructured  materials,  based  on  the  diphenylalanine  scaffold,  were  mechanically  characterized  and  declared  to 
be  the  stiffest  known  organic  material. 1  This,  in  part,  inspired  our  investigation  into  the  mechanical  properties  of  D-,  L-cyclic 
peptides  (DLCPs)  and  their  potential  application  in  reinforcing  polymeric  materials.  The  proposal  was  framed  in  the  context  of 
stabilizing  load-bearing  resorbable  biomedical  implants,  like  spinal  fusion  cages  and  bone  screws,  which  are  currently  made 
from  poly  lactic  acid  and  similar  synthetic  polymers,  and  sometimes  fail  prematurely  and  lead  to  poor  healing  outcomes  for 
patients.  However,  if  the  surface  chemistry  of  the  DLCP  nanotubes  could  be  customized,  there  might  be  many  applications 
where  customizing  polymer-filler  interactions  would  be  of  utmost  importance. 

3)  Summary  of  most  important  results 

The  actual  term  of  the  award  lasted  almost  12  months,  during  which  time  we  were  able  to  complete  a  preliminary  investigation 
into  the  primary  proposal  goal.  First,  we  synthesized  a  particular  DLCP  composed  of  alternating  glutamine  and  leucine  amino 
acids,  QL4.  This  particular  peptide  was  known  to  assemble  from  previous  literature  reports,  but  its  micro-scale  structure  was  ill- 
defined.  We  determined  that  the  peptides  formed  polydispersed  crystalline  needle-like  aggregates,  with  dimensions  of  ~1 
micron  (length)  and  -100  nm  (diameter),  composed  of  longitudinally  aligned  nanotubes.  These  “microcrystals”  could  be  isolated 
and  co-dissolved  with  poly(D,L-lactic  acid)  (PDLLA)  in  organic  solvents  and  then  spun  into  microfibers  using  electrospinning. 
The  resulting  fibrous  meshes  contained  the  peptide  microcrystals  embedded  in  a  polymer  matrix.  We  tested  the  fibers  by 
nanoindentation  and  found  that  the  microcrystals  increased  the  average  stiffness  of  the  fibers  5-fold.  This  work  was  published  in 
Biomacromolecules. 2 

During  the  course  of  this  investigation,  we  were  intrigued  by  the  mechanical  properties  of  the  microcrystals,  given  their  ability  to 
serve  as  filler  materials  in  polymer  composites.  Therefore,  after  the  award  term  concluded,  we  continued  to  build  on  our 
previous  work  to  perform  a  more  detailed  study  on  the  mechanical  properties  of  the  microcrystals  themselves.  This  led  to 
nanoindentation  experiments  and  three-point  bending  experiments  on  the  microcrystals,  done  with  specialized  instrumentation 
found  in  our  collaborators’  lab  in  Singapore.  The  results  of  these  experiments  demonstrated  that  the  DLCP  microcrystals  were 
comparable  to  the  most  mechanically  robust  proteinaceous  materials  known.  This  work  was  published  in  ACS  Nano,  and  was 
made  possible  by  the  initial  seed  funding  from  ARO.3 

Overall,  the  DLCP  self-assembling  system  remains  intriguing  for  their  mechanical  properties.  However,  we  found  that  their 
assembly  properties  were  much  more  adversely  influenced  by  the  peptide  sequence  than  we  originally  hypothesized.  For 
example,  the  DLCP  composed  of  alternating  leucine  and  glutamic  acid  forms  interesting  nano-scale  tubular  structures,  but  they 
were  not  robust  enough  to  be  harvested  and  incorporated  into  other  fabrication  protocols.  Other  DLCP  sequences  either  did  not 
assemble  at  all,  despite  exploring  a  wide  variety  of  assembly  conditions,  or  formed  large  aggregates  that  could  not  be 
resuspended  in  any  solvents.  Future  work  may  explore  conjugation  of  polymers  to  the  amino  acid  side  chains  to  increase 
processability  of  the  nanotubes  and  further  investigations  of  their  biocompatibility. 
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Biofilms 


Self-standing,  macroscopic,  biosynthetic  materials 


Epstein,  et  al.  PNAS  20 1 0 


http://www.biofilm.montana.edu/node/2390 


weitzlab.seas.harvard.edu 


Vlamakis,  et  al.  Nat.  Rev.  Microbiol.  20 1 3 
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Biofilm  Nano-architecture 


Nature  Rev.  Microb.  2010,  8:623. 
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mBio.  2013,  4(2):e00103-13 


Domesticating  the  Microbe 


Bacteria  are  dangerous!!! 

( Germ  Theory  of  Disease) 
Pasteur  and  Koch,  early  19th  century 


We  understand  how  they  work... 

(Antibiotics,  Microbiology,  Molecular  Biology) 
Fleming,  Watson,  Crick,  Lederberg,  Brenner.. .et  al. 


Biofilms  are  bad!!! 

5 

RELATION  BETWEEN  FOOD  CONCENTRATION  AND 
SURFACE  FOR  BACTERIAL  GROWTH* 


We  are  starting  to  understand 
how  they  work... 

7 

I  a  ■  rv  v 


6 


H.  HEUTCELKK IAN'  *«»  A.  HELLER* 
AfrtaUiwral  Erpfnmtnt  Blmtttn,  .V# v  Brun»v%tk,  \#w  Jernf 


BACTERIAL  BIOFILMS:  FROM 
THE  NATURAL  ENVIRONMENT 
TO  INFECTIOUS  DISEASES 


Luanne  Hall-Stood! e  J  William  Costtrtotf  and  Paul  Stoodln 


« 


We  can  exploit  them. 

( Recombinant  DNA  Technology) 
Cohen,  Boyer,  and  Lobban 


Can  we  exploit  them? 


1,2.  Wikimedia  Commons,  3.  Time  Magazine,  Inc.,  4.  Genentech,  5.7.  Bocteriol.,  1940.  40(4):547,  6.  Not.  Rev.  Microb.  2004.2,  95-108,  7.  Clin  Rev  Allergy  Immunol,  2008.  35(3):  124, 
8.  Lower  Lab,  OSU. 


School  of  (nf*a*erw« 
and  Applied  Sc  it  neat 


Wyss< 


Institute 


Industrial  Biofilm  Usage 


Microbial  Fuel  Cells 


Mfm 

lopn 


Chemical  processing 


Microbial  circuits 


■s  iz::, 

and  Appti 


Snider,  R.  M.  et  al.  PNAS.  2012,  15467. 


Bacterial  ECM  Proteins:  Functional  Amyloids 


http://labs.mcdb.lsa.umich.edu/labs/chapman/ 

•  Mediate  adhesion  to  surfaces 
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Institute 


Can  be  up  to  60%  of  biofilm  biomass 


E.  Coli:  Curli  Biosynthesis 


fcfcod  of  (npwriif  WYSS  O  I NSTITUTE 

and  Applied  Vcloncot  ^ 


Trends  in  Microbiology  February  2012,  Vol.  20,  No.  2 


The  BIND  Concept 

Biofilm-Integrated  Nanofiber  Display 


Fundor^AMd  Btofttm 


Nanofibers  have  diameters  from 
4-7nm  and  are  tens  of  microns  in 
length. 


Nanofiber  network  is  robust 


Amyloids:  strength  comparable  to 
steel  and  stiffnesses  comparable  to 
silk 


fcfcod  of  EngM*«ri<«  WYSS  <S  I NSTITUTE 

and  Applied  Sc  It  neat  X 


CsgA  Protein  Structure 


•  Assembled  from  the  secreted  CsgB 
protein  (l7.5l<Da)  which  is 
membrane-anchored. 


•  Easily  detected  using  Congo  Red, 
which  stains  amyloid  fibers. 


CsgA  N 


43  48  49  SO  54  60 

R1SELN  I  YQYGGGNSALALQTDARN 
R2|DLT I TpHGgG^GADVGS^SDD 
R3S S I DLTQRGFGNSATL DQWNGKN 
R4SEMTVKQFGGGNGAAVDQTASN 

—  -  133  1M  M2  *44  150151 

R5SS VNVTQVGFGNNATAHQY 


J.  Mol.  Biol.  (2008)  380.  570-580 


•  Assembly  kinetics  can  be  monitored 
in  vitro  byThioflavinT. 


School  of  (nf*a*erw« 
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CsgA  Insertion  Library 


Periplasmic  localization  sequence 

CsgG-mediated  secretion  sequence 

N22  <^Rl'<^  R2<^  R3~T R4  ~  R5 


Sec 


N22  MBD  R 1  R2  R3  R4  ~  RS 

N22<  R1<  R2<^R3<C  R4^R5  MBD 


N3.C3 


N1.C2 


N),C1 


Linker  Region  =  no  I  inker  /  GS  /  GSGGSG 


Metal  Binding  Domain  =  KCTSDQOEQFIPKGCSK 
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Peter  Nguyen 


CsgA  Insertion  Library 


Congo  Red  assay 
Red  =  amyloid  formation 


Periplasmic  localization  sequence 

CsgG-mediated  secretion  sequence 

N22  <,  R1~^~R2  R3~T R4 Z.  RT~ 

N22  i  MBO  ;  '  R1  ■(  R2  R3  '  R4  RS 

N22 <  R1<  R2^~R3^R4^M'  jMBD 


N3.C3 


N2,  C2 


N1,Ct 


Linker  Region  =  no  I  inker  /  GS  /  GSGGSG 


Metal  Binding  Domain  =  KCTSDQOEQFIPKGCSK 

i 


School  of  (ng*a*erw« 
and  Applied  Sclancat 


Wyss 


Institute 


Peter  Nguyen 


CsgA  Insertion  Library 


wt-CsgA 

(+CsgA) 


CsgA-MBD 

(C3) 
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Periplasmic  localization  sequence 


CsgG-mediated  secretion  sequence 

4i 

N22  <  R1~^~ R2^  R3~^ R4^  R5~ 
N22  [MB 


N22<  R1<  R2  <~R3~CR4  {~R5'  MBD 


Ny  a 


N2,  C2 


N1.C1 


tinker  Region  =  no  linker  /  GS  /  GSGGSG 


MBD ,  Metal  Binding  Domain  =-  KCTSDQOEQFIPKGCSK 


Peter  Nguyen 


CsgA-peptide  Insertion  Library 


Peptide 

Sequence 

.ength  (aa) 

ype 

Function 

Reference 

HIS 

HHHHHH 

6 

MTinity  Tag 

Affinity  Tag 

Bio/Technology  1988,  6(11):  1321. 

GBP 

EPLQLKM 

7 

substrate  Binding 

Graphene  edge  binding 

JACS  2011,  133:  14480. 

FLAG 

DYKDDDDK 

8 

Affinity  Tag 

Affinity  Tag 

Mature  Biotech.  1988,  6:  1204. 

CNBP 

HSSYWYAFNNKT 

12 

substrate  Binding 

Carbon  nanotube  binding 

Mano.  Lett.  2006,  6:  40. 

A3 

AYSSGAPPMPPF 

12 

substrate  Binding 

Gold  surface  binding 

Small  2005,  1(11):  1048. 

Z8 

LRRSSEAHNSIV 

12 

sIP  templating 

ZnS  quantum  dot  templating 

Mater.  Chem.  2003,  13:  2414. 

E14 

PWIPTPRPTFTG 

12 

sIP  templating 

CdS  quantum  dot  templating 

Mater.  Chem.  2003,  13:  2414. 

CLP12 

NPYHPTIPQSVH 

12 

Mineral  templating 

Hydroxyapatite  nucleation 

_angmuir2011, 27:  7620. 

QBP1 

PPPWLPYMPPWS 

12 

substrate  Binding 

Quartz/Glass  binding 

3ioinformatics  2007,  23:  2816. 

SpyTag 

AH  1 VM  VDAYKPTK 

13 

3rotein  Display 

General  covalent  capture/display  of 
proteins 

3NAS  2012,  109(12):  E690. 

BCCP 

GLNDIFEAQKIEWH 

14 

3rotein  Display 

Biotinylation  tag 

3rot.  Sci.  1999,  8:  921. 

MBD 

KCTSDQDEQFIPKGCSK 

17 

substrate  Binding 

Binding  to  stainless  steel  surfaces 

Viol.  Microb.  2006,  59(4):  1083. 

CT43 

CGPAGDSSGVDSRSVGPC 

18 

IP  templating 

ZnS  quantum  dot  templating 

JACS  2010,  132:4731. 

AFP8 

DTAS  D  AAAAAALTAAN  AKAAAI 
LTAANAAAAAAATAR 

37 

substrate  Binding 

Ice  crystal  binding 

JBC  1998,  273(19):  11714. 

Mms6 

GGTIWTGKGLGLGLGLGLGAV 

GPIILGVVGAGAVYAYMKSRDI 

ESAQSDEEVELRDALA 

59 

IP  templating 

Magnetite  NP  templating 

JBC  2003,  278(10):  8745. 
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Normalized  CR  Intensity 


Quantifying  CsgA-peptide  production 
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->  Most  peptides  <50  amino  acids  do  not  hinder  protein  secretion  or  assembly 
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Peter  Nguyen  and  Zsofia  Botyanszki 


Most  CsgA-peptide  mutants  form  amyloids 


Peter  Nguyen 


CsgA-MBD  enhances  adhesion  to  steel 


|  MBD 

KCTSDQDEQF  iPKGCSK 

17 

Substrate  Binding 

;  ig  to  stainless  steel  surfaces 

Mol.  Mic'ob.  2306  80(4):  10Q3. 

□  Nimii 
■  School  of  (ngwr 
W  an d  Applied  Scieni 
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Peter  Nguyen 

CsgA-A3  templates  AgNP  growth 


- >1 

Grow  of  cells  in 

--> 

f - \ 

Induce  CsgA-A3 

suspension  culture 

production 

- >1 

Form  biofilm 

--> 

r  > 

Incubate  with 

-> 

f  > 

Stain  and 

onTEM  grid 

.  AgN03 

image 

wt-CsgA  CsgA-A3 


f  ^  ,v  ' 

1,1  *y 

1  V^OIUU.  1  Idi  iUlUUe  Lr.AJIliy  i  l>dllU.  — UCL.  4UUU,  w».  *%\J. 

A3  |  AYSSGAPPMPPF 

12 

Substrate  B  nding 

Golc  surface  binding 

Small  2005.  1(11):  1048. 

"  ■  ■  "  ♦  '  "  '  -  '  . .  "  '  " 

1  -70  I 

1  7nC  mmnfiifn  Hr* 
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CsgA-SpyT  enable  protein  immobilization 


f  > 

Grow  cells  on 

— > 

f - N 

Induce  CsgA-SpyT 

--> 

f - N 

Incubate  with 

”> 

r  \ 

Wash  un¬ 

--> 

f - \ 

Stain  and 

l  glass  substrate 

during  growth 

GFP-SpyC 

bound  protein 

image 

h 


SpyT*g>fMNO 

♦ 

GFP-SpyCalcher 


p-K> 


SpyTag-BWO 

♦ 

OFP-SpyC4MhW( 

Si  x  pO 

23 


VWdtyp*  Cm* 

♦ 

GFP-SpyCeltfHK 


■  -•o 


SpyTag 

AH  IVMVDAYKPTK 

13 

Protein  Display 

General  oovalent  capture/d  splay  of 
proteins 

PNAS2012.  109(12):  E690. 

1  a.  .  .  1  .  .  |  .  , 
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BIND  as  a  catalytic  substrate 


Hydrolyzes  alpha  glycosidic  bonds  of  sugars. 


Used  for: 

—  Ethanol  production 
—  HFCS  production 
—  Laundry  detergents 


Saarcri 


China 


•  Accounts  for  ~30%  of  world-wide  industrial  enzyme  production 
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BIND  as  a  catalytic  substrate 


- \ 

Grow  cells  in 

suspension  culture 


/ - \ 

Induce  CsgA-SpyT 

--> 

f - N 

Filter  through 

— > 

- N 

Incubate  with 

--> 

r  > 

Monitor  catalytic 

in  culture 

\ _ _ _ J 

0.2  Llm  filter 

^  J 

Amylase-SC 

activity 
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BIND  as  a  catalytic  substrate 
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BIND  as  a  catalytic  substrate 


&ND  tanofo**  mt* 
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Co-assembly  of  Two  CsgA  Variants 


Combine  BIND  functions: 


•  Surface  adhesion 


•  Catalysis 


•  Binding  to  soluble  species 
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Bifunctional  Curli  Networks 


Two  CsgA::peptide  variants  can  be  displayed 
simultaneously  to  create  multifunctional 
materials 


Function  I :  SpyTag  Function  2:  FLAG  tag 

(Venus::SC-immobilization)  (anti-FLAG  I  °,  633nm  Dylight  2°) 


GFP  detection  DyLight  633  detection 
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A  r ' 


Amyloid  network  survives  decellularization 


Scale  bars  =  1  |im  Scale  bars  =  200  nm 


Amyloid  material  remains  intact  after  harsh  treatments  (solvents,  pH) 


fefcooJ  of  (nf*a*erw« 
and  Applied  Vciancas 


WYS$< 


Institute 


Peter  Nguyen 


Curli  operon  optimization 


T  _J_T 


Amyloid  structure 


Amyloid  nucleation 


Export 
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BIND:  what  is  it  good  for? 

Combining  the  versatile  functions  of  recombinant  proteins  with  scalable 
materials  fabrication 


CAPABILITIES 


•  Specific  surface  adhesion 

•  Nanoparticle  templating 

•  Enzymatic  catalysis 


•  Specific  binding  and  capture  of  soluble  entities 

(metals,  small  molecules,  proteins,  viruses,  cells) 

•  Large  scale  material  production 

(biofilm  paint,  spray-on  coatings,  self-standing  3D  materials) 

•  Environmental  responsiveness 

(sensing,  programmed  formation/breakdown,  dynamic  properties) 

•  Programmed  biological  interactions 

(antimicrobial  coatings,  live  biotherapeutic) 
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BIND  for  biocatalysis 
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Solution-phase  catalyst 


Poor  catalyst  recycling/ 
recovery 

Limited  catalyst  stability 


Limited  substrate  diversity 
Contaminants  complicate 
product  purification 


Existing 
biocatalysis 
strategies 


•  Activity  affected  by 
immobilization 

•  Cost  of  substrate  and 
processing 


W'Y 


Surface-immobilized  catalyst 
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•  Limited  substr 

•  Contaminants 
product  purifi< 


BIND  for  biocatalysis 

Modular  immobilization  strategy 
No  enzyme  purification  or  processing 
Enhanced  enzyme  stability 


Diverse  substrate  tolerance 


Compatible  w/  continuous  flow  processes 


Recycling/ 
tability 


/  affected  by 
ilization 
f  substrate  and 
sing 


Surface-immobilized  catalyst 


W 


School  of  WYSS  O  I NSTITUTK 

and  Applied  Sc  it  neat  P 


Enzymatic  BIND  for  water  decontamination 


ATRAZINE 

It  WMd  Kill#* 


ATRAZINE 


■  EPA  Maximum  Contaminant  Level 
(MCL)  =  3ppb 

■  Frequently  found  to  be  above  5ppb  in 
the  mid-east  and  mid-west 

■  0. 1  ppb  =  endocrine  disruption 


Estimated  maximum  21 -day 
movmg-avorage  concentration  of 
atraxine,  in  microgram*  per  liter 

Not  modeled 
<  0  5 
0  $  •  5  0 
>5.0-500 
>500 


r 


r*  •  -  A 


‘  \ 
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Enzymatic  BIND  for  water  decontamination 


&ND  Nar>af£#r 
SpyTsg  P^fidu 


Enzymatic  water  decontamination  is  inefficient  and  expensive: 

•  Naturally  occurring  strains  do  not  eliminate  atrazine  to  acceptable  levels 

•  Cost  of  enzyme  purification  is  too  high 

•  Limited  substrate  diffusion  across  cell  membrane  inhibits  breakdown  with  whole  cells 

->  Can  BIND  facilitate  an  efficient  continuous  flow  atrazine  decontamination  system  by 
displaying  enzymes? 
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BIND  for  specific  metal  removal/recovery 
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The  need  for  rare  earth  metals 
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SEPARATING  RARE  EARTHS  at  MOUNTAIN  PASS 
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Rare  earth  isolation  and  separation 


Lanthanide  binding  peptides 

Nitz,  et  al .  Angewandte  2004  43(28)  3682. 


Mixture  of  soluble 
metal  species 
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BIND  matrix  displaying  rare 
earth  binding  domains 


Enriched/isolated 
rare  earths 


Richie  Tay 


Other  possible  BIND  applications 


BIOFUEL  PRODUCTION 


WATER  PURIFICATION 


PROTECTIVE 


Benefits  of  Biofilm  Technology 


•  Self-generated  and  self-renewing  scaffold;  the 
bacterium  as  a  nanomaterial  factory. 

•  Vast  surface  area  for  immobilization. 

•  Robust  -  stable  under  conditions  normally 
considered  harsh  for  biology 


■  Easily  scalable  -  could  lead  to  cost 
effective  large  scale  solutions. 

■  Living  material  -  may  allow  for 
dynamic  temporal  control  over 
material  properties 


■  A  green  technology  for 
nanomaterials. 
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